panied by the same rise in blood pyruvate found in the normal subject under identical experimental conditions. With the injection of insulin in the diabetic subject a rise in pyruvate occurred. This seemed to indicate the possibility that insulin might act on one or more of the reactions in the EmbdenMeyerhof scheme between glucose and pyruvate. In 1945 Price, Cori and Colowick (8) demonstrated in vitro that insulin diminished or abolished the inhibitory action of the anterior pituitary hormone on the enzyme, hexokinase, which catalyzes the phosphorylation of glucose. Some doubt has been raised as to the physiological significance of this action in view of the increased sensitivity to insulin of the hypophysectomized animal and the patient with destruction or degeneration of the pituitary gland (Simmond's disease). The need for further work concerning the nature of the metabolic defect in human diabetes is still apparent. Study of the intermediary metabolism of fructose, entering the Embden-Meyerhof scheme as it does at a point other than the glucose phosphorylation step, would help to resolve some of these controversial issues.
EXPERIMENTAL PROCEDURES AND METHODS
Fructose83 and glucose in amounts of 1.0 gm. per kg.
were administered intravenously in a 10% solution during a period of 60 minutes to three normal adult males and five patients with diabetes mellitus. The diabetes was severe enough in all instances to require insulin. Regular insulin was given in two doses, one before breakfast and one before supper for three days, in order that, on the morning of any test, when insulin was withheld, the last dose of insulin would have been received at least 14 hours before and no significant insulin effect would be present. Fasting hyperglycemia of over 200 mg. per 100 ml. was usually present, with concomitant glycosuria. None of the subjects had any clinical signs of thiamine 3 The fructose for intravenous use was generously supplied by Dr. Warren Cox, Jr., Medical Director of Mead Johnson & Company.
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deficiency, but B complex capsules were given for three days prior to the tests so that the supplementary thiamine intake was at least 20 mg. daily. This was done to eliminate any possible effect of a subclinical thiamine deficiency on pyruvate metabolism. The previous diets were all nutritionally adequate by present-day dietary standards, and for the diabetic subjects averaged 180 gm. of carbohydrate daily. The tests were done in the post-absorptive state (overnight fast) and in the resting state (to avoid the rise in pyruvic acid after muscular exertion).
The fructose and glucose were given to the patients usually on alternate days or after an interval of one day. Since each patient received both fructose and glucose on separate occasions, the effects of fructose could be compared directly with those of glucose in the same individual. In addition, the effects in the diabetic subject could be compared with those in the non-diabetic control. Samples of peripheral venous blood were drawn before the start of the 60-minute infusion and one-half, one, one and one-half, two, and three hours after the start of the infusion. Urine samples were collected before and at intervals up to three hours during the experiment. The blood samples were analyzed for glucose, fructose, pyruvic acid, citric acid, and inorganic phosphorus; the urine samples were analyzed for glucose and fructose. The following determinations were used as indicators of intermediary metabolism and utilization of the hexose: changes in blood pyruvic acid, plasma citric acid, and serum inorganic phosphorus; the disappearance of hexose from the blood stream; and the net amount of hexose retained in the body, obtained by subtracting the number of grams excreted in the urine from the total amount given.
Blood glucose was determined by the method of Somogyi (9); blood fructose, by the method of Roe as modified by Higashi and L. Peters (10) . There was no interference with the fructose determination by blood glucose levels up to 300 mg. per 100 ml. A blood glucose level of 450 mg. per 100 ml. caused an increase in the blood fructose measurement of 6 mg. per 100 ml., and a blood glucose level of 900 mg. per 100 ml. resulted in a corresponding rise of 12 mg. per 100 ml. Appropriate corrections were made on the above basis. The blood pyruvic acid was determined by the method of Friedemann and Haugen (11) . Plasma citric acid was done by a combination of methods of Natelson, Pincus and -Lugovoy (12) and of Taussky and Shorr (13) . The Fiske and Subbarow method (14) was used for serum inorganic phosphorus.
The significance of changes in blood glucose, blood pyruvic acid, and plasma citric acid was estimated from the results of the following experiment. Blood samples from each of four normal subjects were drawn at 30 to 60 minute intervals for three and one-half hours under the same experimental conditions outlined above, except that no infusion was given. Using the initial level as a reference the mean standard deviations (a) and their variances, in mg. per 100 ml., were as follows: for glucose, A. Normal subjects. The complete data depicting the metabolic effects of intravenous glucose and fructose are shown in Tables I and II. After glucose the average rise in blood glucose above the initial level was 176 mg. per 100 ml., followed by a rapid fall to hypoglycemic levels 60 minutes after the infusion was completed, with a subsequent return to normal. After fructose, however, the average rise in blood fructose above the initial level was 81 mg. per 100 ml., which was less than one-half that obtained with glucose given in comparable amounts and at the same rate. A rise in blood glucose following fructose administration was noted in two of the three cases.
The excretion of fructose in the urine during the three hour period of the experiment was in the same range as that of glucose. On the average somewhat less than 10%o of the administered fructose or glucose appeared in the urine. No threshold for fructose excretion was found, since significant fructosuria was present even at blood levels as low as 4 mg. per 100 ml.
Pyruvic acid levels rose on the average 32% or 0.31 mg. per 100 ml. above the control level after glucose; 4 but the rise after fructose was three times as great. Citric acid levels after glucose 4 fell slightly in the two cases studied; but after fructose citric acid rose in all three cases.
Serum inorganic phosphorus fell invariably after fructose administration in normal subjects. Serum phosphorus was not measured after glucose, since the drop in inorganic phosphorus has been so well established by others.5
The administration of fructose to a fourth nondiabetic subject produced similar changes: rises in pyruvic acid (2.09 mg. per 100 ml.), citric 4In this laboratory a larger series of normal subjects comprising 10 One of the striking differences in the metabolism of fructose and glucose in the diabetic subject was shown by the changes in blood pyruvic acid. After glucose, the rise in pyruvic acid was similar in magnitude to that observed in normal individuals; but it was delayed, and usually occurred during the period when the blood sugar was falling; in two instances a significant rise did not take place. After fructose, however, the rise occurred just as promptly as in the normal subject. In addition, the magnitude of the pyruvic 6 The changes in blood pyruvic acid in diabetic patients following the oral administration of glucose have been studied by several investigators. Bueding, Wortis and Fein (7) found either no increase in pyruvic acid or a rise (in four of 10 cases) which was smaller and had a tendency to occur later than in normal subjects. Klein (17) (as in the depancreatized dog), on the other hand, no pyruvic rise at all was found after glucose administration. When, however, a large enough dose of glucose was given to the depancreatized dog to raise the blood level to between 700 and 1,000 mg. per 100 ml. a delayed rise in pyruvic acid occurred (20) , indicating that the total dose and the rate of administration of glucose may also influence the entrance of glucose into the reactions of the Embden-Meyerhof scheme. Soskin and Levine (21) also found that the rate of utilization of glucose in the depancreatized, eviscerated dog was dependent upon the level of blood glucose.
Plasma citric acid levels were determined in four diabetic subjects after glucose administration. The changes in citric acid were variablein two cases there was a fall; in one, a rise; and in the fourth case there was no significant change. These results were similar to those reported by Pincus, Natelson, and Lugovoy (22) . Following fructose administration, there was a significant rise in citric acid in five out of seven tests; these results approached those obtained after fructose in non-diabetic subjects.
It has long been established that in diabetes the decrease in serum inorganic phosphorus after the administration of glucose is diminished or abolished (16, 23) . Insignificant falls of 0.27, 0.23, and 0.31 mg. per ml. were found in the first three cases, and again these occurred late; whereas after fructose in the same three cases the falls in phosphorus were 0.69 and 0.69 (M. G.), 0.80 (A. B.), and 1.20 and 0.68 mg. per 100 ml, The third column contrasts the effects of orally administered fructose.
(M. H.). In the fourth and fifth cases phosphorus fell after both glucose and fructose. Figures 2 and 3 compare graphically the changes in blood glucose, pyruvic acid, and serum inorganic phosphorus in two different types of diabetes. The diabetes was of recent onset in case M. G. (Figure 2 ) who was of the older, obese type; while the diabetes had been present 12 years in case M. H. (Figure 3) , representing the younger, more severe and labile group.
C. Oral fructose versus intravenous fructose in the diabetic subject. In one case (A. B.) an opportunity was available to compare the effects of fructose given by mouth with the same amount given intravenously (1 gm. per kg.). The results are shown graphically in Figure 4 . After oral administration, the highest blood fructose level was only 17 mg. per 100 ml., contrasted with a peak of 82 mg. per 100 ml. after the intravenous route was used, and even at 120 minutes the two blood levels were 8 and 20 mg. per 100 ml., respectively. Associated with the much lower blood level of fructose, the elevation of blood glucose was more than twice as great (51 mg. per 100 ml. as compared with 22) and remained higher for a longer period of time. Part of the fructose, therefore, must have been converted to glucose in its passage through the bowel wall and the liver. Despite a lower initial blood sugar in the oral experiment, there was an augmented excretion of glucose in the urine (13.6 gm. as compared with 5.9 gm.) but only a minute amount of fructose. The rise in pyruvic acid after oral fructose was only three-fifths that found after the intravenous route was used, and no significant fall in inorganic phosphorus was found. It is evident from these findings that in diabetes fructose is metabolized in much greater quantities when given directly into the blood stream, because less of it is converted to glucose.
DISCUSSION
The results of our studies indicate that 1) the metabolism of fructose differs from that of glucose in both the normal and diabetic subject, and 2) the metabolism of fructose in the person with diabetes is similar to that in the normal person, even in the absence of insulin.
The observation that, in normal individuals, the rise in the level of blood fructose following fructose administration is less than the rise in blood glucose after the injection of the same amount of glucose proves that fructose is removed from the blood more rapidly than glucose during the period of infusion. The rise in blood glucose following fructose administration indicates that part of the fructose is converted to glucose. Another fraction of the fructose is metabolized by way of the Embden-Meyerhof series of reactions and the tricarboxylic acid cycle. This is indicated by the rises in pyruvic and citric acid. Glycogen formation undoubtedly accounts for another part of the fructose removed from the blood (24) . The fall in phosphorus after fructose reflects the process of phosphorylation which is involved in the metabolism of both hexoses studied.
Fructose produces a much greater rise in pyruvic acid than does glucose. Two possible explanations can be offered: 1 ) fructose enters the metabolic scheme closer to pyruvic acid, at a different point from glucose, 2) fructose enters at the same point as glucose (i.e., at glucose 6-PO by way of fructose 1-PO [25] ) at a more rapid rate, or is metabolized more quickly. The data obtained in these experiments do not permit us to choose between the two possibilities. That the elevation of pyruvic acid in diabetic subjects after fructose is not due to a decreased rate of removal, is indicated by the studies of Bueding and associates (20) , which showed that there was no difference in the rate of disappearance of injected pyruvate from the blood in normal and depancreatized dogs. Oxidative metabolism of fructose seems to be unimpaired, according to the recent report of Chernick and Chaikoff (26) . These workers found that the oxidation of C14-fructose to CO2 proceeded at normal rates in liver slices from alloxan diabetic rats. The greater rise in citric acid after fructose administration is still another indication of the difference between the metabolism of fructose and glucose.
Although the blood levels of fructose were lower than those of glucose, similar quantities of the two substances were excreted in the urines of the normal subjects. This observation can be explained by the fact that fructose appears in the urine at low blood levels, while glycosuria occurs only at higher levels of blood glucose.
The individual with diabetes mellitus handles fructose like a normal subject, as shown by the similar elevations of fructose, pyruvic acid, and (in several cases) citric acid; the falls in phosphorus and the total amount of fructose excreted in the urine are also comparable. The greater rise in blood glucose following fructose administration to the diabetic patient, as compared with the normal individual, probably reflects the diminished ability to utilize glucose, and possibly a greater conversion of fructose to glucose.
Fructose is better utilized by the diabetic when administered intravenously than when given orally, presumably because of its greater conversion to glucose in the intestine and liver when given by the latter route.
The difference in the metabolism of fructose and glucose in subjects with diabetes mellitus is much more marked than the difference in normal subjects. The diabetic individual appears to metabolize fructose at a normal rate, but glucose utilization is impaired. In these studies diminished glucose utilization is shown by the greater rise in glucose, delayed rise in pyruvic acid, diminished fall in phosphorus, and the increased excretion of glucose as compared to the changes found in the normal subjects.
That mechanisms exist to explain this difference in the metabolism of fructose and, glucose is shown by the findings of Cori and Cori (27) . In eviscerated rats insulin accelerated the disappearance of injected glucose, but not of injected fructose (27) . This is now explained by the existence of separate "kinases" in liver and muscle for the disposal of fructose and glucose, respectively; apparently insulin acts only on the glucokinase of muscle (25, 28, 29) . A similar conclusion with respect to liver arises from the recent experiments of Chernick and Chaikoff (26) .
The present observations on the utilization of glucose and fructose by normal and diabetic subjects are consistent with the theory that the phosphorylation of glucose to glucose-6-phosphate is impaired in diabetes, while the phosphorylation of fructose, which is under the influence of a separate hexokinase, at least in liver and muscle, and is uninfluenced by insulin, proceeds at a normal rate.
SUMMARY AND CONCLUSIONS
The demonstration by Cori that insulin influences the phosphorylation of glucose and that separate hexokinases for glucose and fructose exist in liver and muscle, raised the possibility that fructose might be better utilized than glucose in diabetic subjects. Accordingly, similar amounts of fructose and glucose were administered intravenously to five diabetic subjects. Three normal subjects were used for comparison.
In the normal subjects fructose produced' a much greater rise in blood pyruvic acid, and a rise rather than a fall in plasma citric acid, as compared with glucose. The fructose disappeared more rapidly from the blood stream during the period of the infusion, since the blood level of fructose increased only half as much as the level of glucose. Similar amounts (less than 10%) of fructose and glucose appeared in the urine.
In the diabetic subjects, in the absence of insulin, fructose produced the same rise in pyruvic acid as was found in the normal subjects, while glucose produced either a slight or delayed rise. Increases in plasma citric acid after fructose administration were similar to those in the normal individuals. The blood disappearance curve of fructose and the amount of fructose excreted in the urine in patients with diabetes were the same as in normal subjects. Fructose administration invariably produced a fall in serum inorganic phosphorus, while a fall did not usually occur after glucose. The increase in blood glucose after fructose injection was higher in diabetic subjects than in non-diabetic individuals. In one patient with diabetes oral administration of fructose, as compared with intravenous administration, produced a much lower level of blood fructose, a greater rise in blood glucose, a smaller rise in blood pyruvic acid, and a greater excretion of glucose.
These studies indicate that 1) the metabolism of fructose differs from that of glucose in both the normal and diabetic subject, and 2) the metabolism of fructose in the person with diabetes is similar to that in the normal person, even in the absence of insulin. The observations are consistent with the theory that the phosphorylation of glucose to glucose-6-phosphate is impaired in diabetes, while the phosphorylation of fructose, which is uninfluenced by insulin, proceeds at a normal rate.
